ABSTRACT: In the deep-marine stratigraphic record classical turbidites are common and when complete comprise five vertically stacked units, which in ascending order are termed the a to e divisions. The b division consists of planar lamination, which in almost all cases is overlain by ripple cross-stratification of the c division. Conspicuously absent in this succession is dune cross-stratification, which for sediments coarser than middle fine sand in a decelerating flow should occur between the planar-stratified and ripple cross-stratified units. Here it is argued that the paucity of dune cross-stratification is the result of the deleterious effect of suspended sediment on dune inception. Specifically, high suspended-sediment concentration, and hence high density, in the bottom part of the parent turbidity current prevents the development of a sufficiently sharply defined interface between the bottom part of the current and the dense, underlying bed-load layer. This results in the absence of the necessary hydrodynamic instability whose waveform structure along the interface would otherwise mould the bed surface into the incipient bed forms from which dunes (and also ripples) grow. The almost exclusive occurrence of ripple cross-stratification above planar lamination suggests that in almost all natural turbidity currents a sufficiently well developed density interface does not become established until flow speed is in the ripple stability field.
INTRODUCTION
Although they make up a significant part of the sand-and gravel-rich part of the continental sedimentary record, dunes and dune crossstratification are rare in the deep-marine record. Recognition of this paradox dates back to the mid 1960s and early 1970s and was the topic of a series of papers (e.g., Walker 1965; Walton 1967; Allen 1970 ) that attempted to explain the almost ubiquitous absence of dune crossstratification in the vertical succession of structures observed in ancient turbidites-a succession that just previously had been popularized by Bouma (1962) (Fig. 1) . In his well-known five-division model, Bouma reported that an ideal turbidite consisted of a sharp-based, normally graded, structureless (i.e., no traction-transport sedimentary structures) unit, termed the a division, which then was sharply overlain by planarlaminated sandstone (b division). These strata were then succeeded upward by a ripple cross-stratified unit (c division) overlain by a diffusely parallel-laminated fine-grained unit (d division) capped finally by a muddominated unit termed the e division. Noticeably absent in that model is the inclusion of a dune cross-stratified unit, which for a decelerating unidirectional flow and in sand coarser than about 0.2 mm (middle fine sand) should succeed plane bed, and in turn be replaced by ripples. In rare examples, however, this more complete succession of structures is observed, and caused Lowe (1988) to subdivide Bouma's c division into two parts: C1: dune cross-stratified unit overlain by C2: ripple crossstratified unit ( Fig. 2A , B, C). Nevertheless, in the overwhelming majority of turbidites observed in the geological record, dunes and dune crossstratification are absent, and the question still remains, why?
Paucity of Dunes in Turbidites-Previous Models
It is well known that in clear-water open-channel flows dunes are stable over a wide range of flow speeds but are restricted to sediment sizes greater than about 0.20 mm (middle fine sand) (e.g., Southard and Boguchwal 1990) . Accordingly, the simplest explanation for the common superposition of ripple cross-stratification above planar lamination would be the absence of sufficiently coarse sediment when the current passed through the dune stability field (Allen 1970 ). However, since many turbidites in the ancient record consist of grain sizes that would support the development of dunes in a clear-water flow, the fineness of the sediment cannot be solely responsible for the absence of dunes. Alternatively it has been argued that the absence of dunes is because turbidity currents decelerate too quickly for dunes to form (e.g., Walker 1965) . However, as pointed out by Arnott and Hand (1989) the typical distribution grading observed in many sandy turbidites would imply deposition from a more progressively decelerating current. Moreover, dunes, albeit not necessarily equilibrium dunes, but recognizably larger than ripples, can be formed experimentally from a flat bed in a matter of a few minutes to tens of minutes (Arnott and Hand 1989) . Natural turbidity currents have been observed to flow for periods of time greatly exceeding that (e.g., Khripounoff et al. 2003) , and therefore the lack of dunes due to insufficient time is similarly questionable.
An intriguing explanation for the lack of dunes in turbidites was the proposed deleterious effect of sediment fallout on bed-load transport conditions (Lowe 1988) . Following the work of Allen and Leeder (1980) , Lowe suggested that the rapid fallout of suspended sediment into the bedload layer damped turbulence causing plane bed to remain stable, even at flow speeds that in an otherwise clear-water flow would form dunes, and even ripples-at volume sediment concentrations of about 30%, turbulence is thought be completely damped (Bagnold 1956 ). Experimental work by Arnott (2003, 2005) , however, showed that at sediment concentrations as high as 35% volume sediment concentration (i.e., 35% of the flow consists of solid particles) sediment dispersions very close to the bed were still fully turbulent and bed-load transport was active. Nevertheless, these experiments did not analyze closely the characteristics of the turbulence, which according to some authors, like Simons et al. (1965) , is not only damped with increasing sediment concentration, but also becomes structurally modified. More recently, however, it has been shown that near-bed turbulence may in fact be reduced or enhanced by high sediment concentration, the difference appearing to depend on the size and concentration of the particles in suspension ( -A) Medium-bedded turbidite consisting of medium-grained, planar-laminated sandstone (b division) overlain by lower medium-grained, dune (c1) and then upper fine-grained, ripple cross-stratified sandstone (c2). B) Medium-bedded turbidite consisting of a basal structureless, graded sandstone (a division) overlain by a medium-grained planar-laminated b division overlain sharply by medium-grained dune cross-stratified sandstone (c2) capped by a discontinuous form set of internally cross-stratified, fine-grained ripples (c2). The entire succession is then capped by the mudstone-rich d and e divisions (pencil for scale). C) Sharp-based, thin-bedded turbidite composed of medium-grained dune (c1) overlain by upper fine-grained ripple cross-stratified sandstone (c2). D) Medium-bedded Tbde turbidite consisting of a thick planar-laminated, lower-medium-grained basal part (b division) overlain gradationally by diffusely planar-laminated, lower-fine-grained sandstone and mudstone (d division) capped by mudstone (e division). Note the lack of an intervening c division. E) Medium-bedded Tbde turbidite. F) Inset box from Part E is expanded and shows the well-laminated b division overlain abruptly by the thinner, more laterally irregular laminae of the d division overlain by mudstone (e division).
2009; Baas et al. 2011; Tilston et al. 2011) , but the details of these interactions still remain poorly understood. However, in spite of the perceived necessity of turbulence in the development of angular bed forms, experimental work by Coleman and Eling (2000) has shown that equilibrium dunes (and ripples) can form in laminar flows where turbulent fluid motions, both near and far from the bed, are absent. Lastly, it is important to note that in most turbidites the planar-laminated division (b division) is overlain by a layer of non-climbing ripple crossstratification (c division) one set or a few sets thick. Ripples are threshold (of movement) bed forms, which compared to higher-energy bed forms, like dunes and upper-stage plane bed, transport low volumes of bed-load sediment. If sediment is falling from suspension, because of spatial and/or temporal changes in sediment transport rate, and is being added to the bed-load layer, it easily overwhelms the ability of the migrating ripples to move it, which then causes the bed to aggrade and the ripples to climb (e.g., Allen 1971; Ashley et al 1982; Khan and Arnott 2010) . The general lack of climbing-ripple cross-stratification indicates that at the onset of ripple bed form development sediment fallout rates had fallen to negligible levels.
Another possible explanation for the paucity of dunes might be the effect of changes in flow turbulence and bed cohesion caused by increases in clay concentration (Baas and Best 2002; Baas et al. 2011) . These authors point out that ripples, and presumably also dunes, form in flows where clay concentration remains below some threshold value, which in the case of ripples they suggest can range up to several percent by volume. The implication would be that in a decelerating turbidity current clay concentration would progressively increase and eventually bed cohesion and/or flow turbulence would be sufficiently modified that angular bed forms like ripples and dunes cannot form. However as noted by these authors, the texture and vertical succession of bed forms that form in flows with low clay concentration is similar to that found in classical turbidites, with sandy plane bed succeeded by sandy ripples. As clay concentration increases, however, ripples become increasingly mud-rich, and in the case of their transitional-current ripples, consist of ''dirty muddy sand.'' However as pointed out by Kuenen and Humbert (1969) and subsequently others (e.g., Komar 1985) , current-ripple crossstratified (c division) sand/sandstone, whether overlying a lower planarlaminated layer (b division) or occurring at the base of the bed, consists characteristically of well sorted to very well sorted sand, and therefore are texturally similar to current ripples formed in open-channel flows. Moreover, the well sorted to very well sorted makeup of ripple crossstratified sand/sandstone indicates negligible mud content, and therefore negligible cohesion and strength in the accumulating bed. These observations, therefore, suggest that ripples, and I would argue also dunes, in classical turbidites form in flows where the near-bed clay concentration is far below Baas et al.'s clay threshold, and whose velocity and turbulence structure is probably not much different to that in a ''low''-density turbidity current (e.g., Kneller and Buckee 2000) .
Another common observation in the ancient deep-marine sedimentary record is the occurrence of Tbd turbidites. In these beds the planarlaminated b division is gradationally overlain by a sandy, irregularly planar-laminated d division (Fig. 2D, E, F) . Note that the change from the b division to the d division is not marked by a sharp change in grain size, but instead continues a gradual upward fining. The question in these beds, therefore, is the reason for the absence of an intervening c division in a flow that apparently was experiencing gradually decelerating flow conditions, namely high-energy plane bed (b division) succeeded by a flow speed close to the threshold for bed-load sand transport (d division). Surely intermediate flow speeds that would have supported ripple development existed, but for some reason ripple (and dune) development was suppressed. One possible explanation, as mentioned above, might be related to the effects of elevated clay concentration (Baas et al. 2011) . As discussed by these authors the lack of ripples (and dunes) is because of turbulence suppression and reduced turbulent stresses exerted on the bed and/or the increasing strength of the accumulating bed. Although appealing, the texture, specifically the assemblage of grain sizes, and also the macroscopic (visible) stratal characteristics of the parallelstratified, sand-rich, b division below the transition to the d division is little different than a b division overlain by a ripple cross-stratified c division (e.g., Komar 1985) . Collectively these studies indicate that the reason for the lack of dunes, and even in some cases ripples, in turbidites is still not known. However, what if we change our approach, and focus instead on the formative mechanisms of ripples and dunes, and determine if there is some sensitivity in the inception and/or growth of these bed forms, especially dunes, that is seemingly unique to turbidity currents?
ORIGIN OF DUNES (AND RIPPLES)
Dunes, like (current) ripples, are asymmetrical, angular bed forms whose upper parts are elevated above the general bed level. On a featureless bed of sand, both bed forms evolve from an initial bed-surface defect, which then becomes amplified and eventually evolves into an equilibrium ripple or dune. Common to all bed-form models is the notion that some initial bed defect influences the pattern of fluid flow very near the bed, eventually causing flow separation, which then amplifies the bed defect while spawning new defects. Ultimately the modification of the bed surface gives rise to spatial differences in bed shear stress and sediment transport that as a consequence results in areas of erosion or deposition. In the case of angular bed forms like ripples and dunes, maximum bed shear stress occurs just upstream of the crest of the bed perturbation, resulting in preferential deposition at the crest and consequent upward growth of the bed form (e.g., McLean 1990; Bennett and Best 1995) . However in spite of the general agreement of bed-form amplification and growth, the same cannot be said for the origin of the initial bed defect.
The simplest form of a bed defect is an obstacle protruding upward or scour extending downward from the bed surface (Southard and Dingler 1971; Venditti et al. 2005) . Above a threshold combination of flow and obstacle conditions, these features then come to influence local fluid and sediment transport patterns, which then spawn an ever downstreamwidening train of defects and ultimately angular bed forms. In the case of a turbidite, however, the ripple, or rarely dune cross-stratified unit, overlies a flat, featureless planar bed (b-division), and therefore requires the defect to form spontaneously on the bed surface.
The origin of spontaneous bed defects has been the topic of much debate in the engineering and geological literature for several decades. Williams and Kemp (1971) first proposed that bed defects are related to high-speed, downward directed fluid motions (sweeps) in a turbulent flow. These coherent structures then interact with the bed and mobilize sediment into small flow-parallel ridges that flared at their downstream ends to form a small mound, or defect, which upon achieving a critical height subsequently grew into larger-scale bed forms. Later Allen (1982) made note of the problematic disparity in size between these sweepinduced defects, which are of the order of the grain diameter, and the scale of even small bed forms. With this scalar discordance in mind, Best (1992) then suggested that defects are not the result of a single sweep impact, but instead the result of (larger-scale) phase-locked vortical structures that condition the bed and as a consequence localize the occurrence of subsequent events, which then increase the size of the defect. Although Best's suggestion is appealing, the experimental work of Coleman and Eling (2000) has shown that equilibrium ripples and dunes can be formed from a flat bed in laminar flow, wherein turbulent fluid motions, which are required in the earlier models, are absent. Furthermore, Coleman and Eling (2000) note that ripples and dunes evolve from an intermediate bed state consisting of low-amplitude bed features termed ''sand wavelets,'' and that the progression to equilibrium ripples and dunes was similar to that reported earlier by Coleman and Melville (1996) for turbulent flow. Defects are also interpreted to arise when sediment transport falls out of phase with some property of the flow that controls its transport. This condition creates a bed perturbation, which if of a stable wavelength, becomes amplified, and from which a bed form eventually grows (McLean 1990 ). However it is unclear how or why the initial bed perturbation with a stable wavelength spontaneously arises on a flat bed, especially when it is being acted on by a turbulent flow whose local flow conditions are constantly changing in both space and time.
More recently, important experimental work by Venditti et al. (2005 Venditti et al. ( , 2006 showed that under conditions of continuous and widespread sediment transport over a flat bed small-amplitude bed forms, several grains high, evolved almost instantaneously. Initially these features form a cross-hatched pattern that at their nodes form chevron-shaped features that then migrate and organize into laterally continuous, regularly spaced, straight-crested bed forms (cf. Venditti et al. 2005, their fig. 12 ). Importantly, this evolution is measured in a matter of a few minutes to as little as a few tens of seconds (the length of time decreasing with increasing flow speed). These authors argue that because of the spatial regularity and short duration of development of the initial bed forms an origin related to turbulent fluid motions is untenable. Instead, Venditti et al. suggest that origin of these bed forms is related to instabilities, possibly of Kelvin-Helmholtz type, formed along the interface of two fluid layers. Here they likened the bed-load layer and overlying flow to a two-layer fluid flow system made up of a more dense, slower-moving layer (bedload layer) beneath a less dense, faster-flow upper layer (turbidity current). Eventually shear along the interface overcomes the stabilizing effect of the stratification and the interface becomes unstable. This interfacial instability (i.e., hydrodynamic instability) is manifest as a waveform along the interface whose form becomes imprinted on the highinertia lower layer (i.e., bed-load layer). This then results in local areas of erosion and deposition that then grow and evolve rapidly into the regular, two-dimensional, transverse bed forms. Once formed, these bed forms come to influence fluid flow very near the bed, eventually causing flow separation and ultimately spatial variations in sediment erosion and deposition along the bed. Eventually growth of the defects exceeds the scale of the formative hydrodynamic instability and they ''readily break up into the familiar 3D (bed form) features'' (Venditti et al. 2006 ).
PAUCITY OF DUNES IN TURBIDITES-PROPOSED MODEL
Turbidity currents are sediment gravity currents, and unlike fluid gravity flows, for example rivers, they owe their existence to suspended sediment. The concentration of sediment in natural turbidity currents, if only a few percent by volume, which in most classification schemes (e.g., Mulder and Alexander 2001) would be considered ''low''-concentration turbidity currents, is still substantially higher than those in most rivers (e.g., Mulder and Syvitski 1985) . Also, it is well known that sediment concentration in the lower parts of turbidity currents is especially high (e.g., Kneller and Buckee 2000; Peakall et al. 2000) . In many cases, therefore, it would seem reasonable to assume that the sediment concentration, and hence fluid density, in the lower part of the flow may not be much different, or at least sufficiently different, than that in the underlying bed-load layer (Fig. 3) . As a consequence the interface between the two layers may not be sufficiently well developed spatially and/or vertically to be rendered unstable. Consequently, the lack of a (interfacial) waveform and its ''imprint'' on the bed surface causes the bed to remain nominally flat, and plane-bed-forming planar lamination remains stable. Eventually sediment concentration in the lower part of the turbidity current becomes sufficiently reduced that a sustained and areally extensive interface marked by a dramatic change in density develops, which then allows spontaneous defect inception followed by amplification and bed-form growth (Fig. 3) . Further, it is argued that at this point the sediment-concentration profile would be little different than that needed to generate angular bed forms (i.e., ripples and dunes) in an open-channel flow. If correct, it indicates that almost always these conditions do not become developed until flow speed is in the ripple stability field, and therefore too slow to form dunes. Moreover, since most c divisions that overlie a b division are one to a few ripple cross-stratified sets thick and show no angle of climb, indicates that at the time of ripple growth and migration, net sedimentation rates are approaching zero and fallout from suspension is negligible. However, in examples where ripples do climb it is argued that elevated fallout rates were preceded by a period of lower fallout rate that allowed defects to grow and at least partially evolve, which, according to the experimental results of Venditti et al. (2005 Venditti et al. ( , 2006 , may only be of the order of several seconds to a few tens of seconds. Upon reaching this stage of development, flow separation has become sufficiently robust that the effects of sediment fallout into the lower part of the flow and onto the bed had little effect on further ripple development but only caused them to climb.
As noted above, and of particular relevance here, are turbidites consisting of a basal, planar-laminated b division overlain directly by a d Initially high sediment concentration at the base of the turbidity current prevents the development of an expansive, well developed density interface between the bedload layer and the base of the turbidity current. As concentration decreases (arrow) and the interface becomes sufficiently well developed, hydrodynamic instabilities are generated, bed defects spontaneously form, and eventually dunes or more typically (because of low flow speed) ripples grow. 0 R.W.C. ARNOTT division. In these turbidites, not only is there no intervening dune crossstratification, but also no ripple cross-stratification. Furthermore, grain size decreases gradually upward, suggesting a gradual and progressive weakening of flow conditions. It is argued that in these beds during the entire traction-transport phase of deposition a sufficiently sharply defined interface between the underlying bed-load layer and flow never existed, and as a result plane bed remained stable up to the cessation of bed-load transport. Moreover, such conditions are probably more common in finer-grained dispersions where lower grain settling velocities allow the continued maintenance of high near-bed sediment concentration. Together these interpretations suggest that planar-laminated sand in the b division of a turbidite is not necessarily equivalent to conditions that form upper-stage plane bed in an open-channel flow. Rather, plane bed indicates that bed load transport was active, and that either flow conditions were too fast for ripples or dunes to form, and therefore would be equivalent to upper-stage plane bed, or conditions at the bed and lower part of the flow were incapable of forming the requisite defect-forming hydrodynamic instability. In this case the bed surface remained nominally flat and planar lamination continued to form, even at flow speeds that in an otherwise clear-water flow would have formed dunes, and sometimes even ripples.
Finally, in the rare instances where dune cross-stratification does occur between planar-stratified and ripple cross-stratified sandstone suggests that like ripples, defects were present, flow separation became initiated, and ultimately dunes grew and migrated. In these rare cases, however, the origin of the defect is thought not to be interfacial instability, but instead the occurrence of a bed-surface obstacle, like a mudstone clast, that initiated local flow separation, and subsequently the growth of dunes. However, the work of Venditti et al. (2005) showed that positive or negative artificial bed surface defects (obstacles) become smoothed out (i.e., do not become amplified) at high sediment transport rates, suggesting that the dunes formed at flow speeds that were most probably in the lower part of the dune stability field and soon thereafter passed into the ripple field.
CONCLUSIONS
The paucity of dunes in turbidites coarser than middle fine sand is interpreted to be related to the lack of a hydrodynamic instability at the top of the bed-load layer when the depositing current passed through the dune stability field. As a consequence, plane bed remains the stable bed state and planar lamination continues to form and thicken the b division. The absence of the instability is a result of the particle-laden nature in the basal part of most turbidity currents. Eventually sediment concentration in the lower part of the current becomes sufficiently reduced that a sharply defined density interface develops with the bedload layer below. At this point, bed defects become initiated, amplify, and evolve into stable bed forms, which because of the low flow speed, superimposes ripples (c division) instead of dunes above planar laminated (b division) sand.
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